This research work is about the experimental analysis of the mechanical behavior of reservoirs for storage of compressed natural gas (CNG) consisting of a nanopolymeric liner coated with carbon fiber preimpregnated with epoxy resin applied by filament winding (FW). It addresses technical solutions adopted to optimize the reservoir as reinforcement with fiber, the process of healing and thermal analysis, as well as the hydrostatic testing to verify its resistance to the pressure required for CNG storage. Different nanoclays were incorporated to the polymer aiming to increase the strength of the liner and to reduce the thickness of its wall and the final weight of the reservoir as well as decreasing gas permeability. The obtained results were the basis for proposing an adaptation of the equation traditionally used for the dimensioning of the wall thickness of metallic pressure vessels to determine the number of layers needed to endure any internal pressure to which the reservoir is subjected. They indicate that the used methodology enables the production of pressure vessels for the storage of CNG, according to the ISO 11439:2013 Standard.
Introduction
Natural gas is considered the fossil fuel with the lowest emissions of carbon dioxide, with low emission of pollutants and waste from the combustion process [1] , allowing it to be efficiently used in internal combustion engines [2] .
The main disadvantages presented by natural gas as an automotive fuel are the high cost of compression and the weight of the steel reservoir for transport and storage [3] .
The use of reservoirs fabricated with nonmetallic material aims to reduce the inert load present in vehicles fueled by compressed natural gas (CNG), allowing fuel saving and the increase of the engine's life, as well as reducing the emission of pollutants.
This type of reservoir consists of a liner, whose primary function is gas impermeability, and reinforcement, whose main function is to resist the pressure of work.
The polymeric liner adds to the reservoir characteristics such as light weight, resistance to pressure and impact, corrosion protection, and durability [4] and is usually made of rotomolded polyethylene (PE) due to the low cost of production. The PE is the most widely used resin for rotational molding due to low cost, chemical inertness, ease of processing, and mechanical properties [5] that can be improved by cross-linking or by the addition of nanoclays.
Rotational molding is suited for production of large and dimensionally stable hollow parts, with superficial finish comparable to injection molding. Additionally, as pointed out by Crawford and Throne [6] , it has lower mold costs.
The high pressure of vehicular CNG storage requires the polymeric liner to be coated with carbon fiber, using the process of filament winding (FW) because of its low production cost, high productivity, and high reliability, besides providing nearly isotropic properties to the final product [7] .
The liner is used as a mandrel in the FW process, allowing the arrangement of the fibers for structural reinforcement at various angles and patterns in the direction of the main solicitation by overlapping layers composed of nongeodesic winding and circumferential winding.
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Based on the concept presented above, the Thiokol company has had success in the storage of hydrogen [8] , but the main contribution of this work is the addition of nanoclay to the polyethylene blend, aiming to increase the polymeric liner's resistance to pressure as well as this polymer's gas permeability.
ISO 11439:2013 [9] covers cylinders of any seamless steel, seamless aluminium alloy, or nonmetallic material construction, using any design or method of manufacture suitable for the specified service conditions. Thus, pressure vessels for CNG must conform to the ISO 11439:2013 Standard's Method, which specifies the requirements for the validation of CNG storage reservoirs for automotive vehicles, including buses and trucks.
The standard classifies as CNG-4 cylinders those produced entirely with nonmetallic materials, using appropriate manufacturing methods for the service conditions for vehicular transport, such as the reservoirs in development.
In order to increase the liner's resistance to pressure, the addition of nanoclays to polyethylene was chosen, adopting the following actions to achieve the standard pressure: Aiming to estimate the number of layers needed to endure any internal pressure to which the reservoir is subjected, an adaptation is proposed in the equation presented by Popov [10] , having as base the hydrostatic tests' results made on reservoirs with one, two, and three layers of carbon fiber.
The proposed formula indicated that a fourth layer would meet the requirement of this standard, as calculated by linear regression and the equation proposed in this paper for calculating the number of layers for any internal pressure.
The obtained results indicate that the used methodology would allow the production of reservoirs for vehicular use classified as CNG-4, according to ISO 11439:2013, allowing a reduction of at least 60% (sixty percent) of the weight in relation to a steel cylinder.
Materials and Methods

CNG Reservoir.
The polymeric liner in real scale (Ø225 × 725 mm), with capacity for 22 liters of water, was manufactured by rotational molding, with a blend of LDPE/HDPE, coated with carbon fiber preimpregnated with epoxy resin, developed in a previous study [11] .
Filament Winding.
The simulation of the application of the reinforcement layers by FW was performed with the software CADWind 2007, version 8271 (Material SA).
The liner was used as a mandrel, being coated with in successive layers composed of nongeodesic winding and circumferential winding at a 10 ∘ angle which allows variation of the winding angle along a given section of the mandrel.
The layers were applied by a Kuka Roboter GmbH robot, type KR 140 L 100-2, for ensuring reliability and repeatability, shown in Figure 1 , necessary characteristics to the reservoir in development that should store CNG.
The carbon fiber was applied at room temperature adopting as the cure cycle heating at < 3 ∘ C per minute to 90 ∘ C residence for 24 hours and cooling at < 3 ∘ C for a minute to 66 ∘ C before removal from the oven. 
Differential Exploratory Calorimetric Analysis.
The samples were removed from the reservoirs with one, two, and three layers, taking as reference a carbon fiber sample taken from the roll in use, to check whether the cure cycle was adequate. The samples were heated at a rate of 10 ∘ C/min from room temperature to 250 ∘ C, with rapid cooling (50 ∘ C/min) to room temperature, and again heated to 250 ∘ C. The pieces of equipment used were DSC Q20 (TA Instruments) with nitrogen gas (N 2 Up) and graphs generated by Universal Analysis 2000 software, version 4.5 A, build 4.5.0.5, TA Instruments-Waters LLC.
The tensile testing of injection molded and rotomolded samples was carried out in the universal testing machine, aiming to select the best raw materials for the manufacturing of the liner regarding the mechanical strength.
The samples tested were as follows:
(i) Blends of polyethylene.
(ii) Blends of polyethylene with 5 weight% of Brazilian nanoclay.
(iii) Blends of polyethylene with 5 weight% of American nanoclay.
(iv) Blends of polyethylene with 5% of XLPE.
(v) XLPE.
(vi) XLPE with 5 weight% of Brazilian nanoclay.
(vii) XLPE with 5 weight% of American nanoclay.
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Remarks are as follows:
(i) XLPE: ICORENE K1502 was from the company ICO Polymers.
(ii) Brazilian nanoclay: montmorillonite clay with granulometry of 74 microns was produced by the company Bentonisa S/A.
(iii) American nanoclay: montmorillonite Cloisite 30B clay was produced by the company Southern Clay Products.
(iv) These products were mixed manually to the blend of polyethylene and extruded in single screw equipment.
The rotomolded samples were ground in a bench mill of the MTC Robotics brand, from the injected mold design, and taken directly from rotomolded parts.
The injected samples were produced in a brand miniinjector, Thermo Scientific, model MiniJet II Haake, with a standardized mold. The samples were injected at 185 ∘ C with two tons of pressure, except for the XLPE that was injected at 205 ∘ C. Five samples of each raw material both machined and injected were subjected to a tensile test at 5,000 mm/min.
Tensile testing of carbon fiber preimpregnated with epoxy resin samples was conducted in the EMIC DL20000 brand universal testing machine, with a TRD26 load cell, TRD15 strain gauge, claws for polymeric films, and the MTest version 3.0 software, aiming to find the maximum tensile strength of a single strand of said fiber.
Oxygen Permeability Test.
The test intended to measure the permeability of the liner to methane, but due to lack of equipment to measure the permeability, it verified the oxygen permeability which has compatible polarity and molecular diameter.
The test was performed with two groups of samples according to ASTM F 1927 (plates) [12] and ASTM D 3985 (film) [13] .
The first group of samples consisted of hot pressed plates in the mold, cut 12 cm in diameter and machined to a thickness of 1 mm in the MTC milling machine.
Three samples were tested as follows:
(i) Blend of polyethylene.
(ii) Blends of polyethylene with 5% weight of Brazilian nanoclay.
(iii) Blends of polyethylene with 5% weight of American nanoclay.
The second group of samples, consisting of films of polyethylene blend with nanoclay, had the pellets extruded at 250 rpm in twin screw corotating MH-Colour-20-32-Lab, after heating in an oven at 80 ∘ C for 24 hours for drying.
Results and Discussion
Reservoirs with three layers hit the average pressure of 350 bar ± 5% when subjected to hydrostatic test but did not meet The calorimetric analysis by Differential Scanning Calorimetry indicates that the cure cycle for the preimpregnated carbon fiber with epoxy resin used in the reservoirs of one, two, and three layers was complete.
Fracture Liner.
The fracture of the liner, in 80% (eighty percent) of the cases, regardless of the number of layers, occurred in the region near the tops due to lower wall thickness resulting from the manufacturing process by rotational molding, shown in Figure 2 .
The simulation performed by Velosa et al. [14] indicated that the fracture occurred near the tops, a region of higher stress due to the action of the radial and the longitudinal stress, despite increased wall thickness.
In the case of the reservoir in development, the fracture also occurred near the tops, a region that has the lowest wall thickness, requiring adjustments to the project to increase the mechanical strength of the liner in the hydrostatic test.
However, careful control of the manufacturing process by rotomolding would maintain the continuity of the wall thickness of the polymeric reservoir, eliminating its significant reduction that causes premature rupture during hydrostatic testing. Furthermore, the addition of nanoclay increases the mechanical strength of the polyethylene blend constituting the reservoir and placing preimpregnated carbon fiber strips in the zone of concentration of the radial and longitudinal stresses results in increased resistance to pressure in said test.
Selection of New Materials for the Liner.
In order to increase the liner's mechanical resistance and lower the nominal thickness of its wall, new materials were sought through tensile tests for its selection. The tensile testing of such materials showed that the injected samples showed higher tensile strength than the rotomolded ones, that the addition of nanoclay increased tensile strength, and that American nanoclay (Cloisite 30B) showed better results than the Brazilian one because of it having more appropriate granulometry as observed in Table 2 .
The literature recommends a weight percentage of nanoclay between 1% and 5% [15] for the gas barrier effect, but numerous studies indicate values optimized around 2% [16] [17] [18] . We opted for the limit value of 5% [19] [20] [21] to verify the influence of the type of nanoclay on the barrier and mechanical behavior of the reservoirs so that later the optimized value of the amount of nanoclay would be deemed appropriate for the purposes of this search.
In the tensile test, we adopted the von Mises criterion for the flow of an ideally plastic material in a triaxial stress state [22, 23] :
where = flow tension at rupture, 1 = circumferential tension: , 2 = longitudinal tension: , and 3 = radial tension: .
Adjusting the equation,
In cylinders subjected to internal pressure, the expressions for , , and are
where is internal pressure in the cylinder, is external diameter of the cylinder, is inner diameter of the cylinder, and is wall thickness.
Replacing these values in (2) and evidencing " " we have
Equation (4) shows that the cylinder's burst pressure is directly proportional to the flow tension, whose value is close to the tensile resistance limit tension ( ) obtained in the tensile test.
Thus, the higher the value of , the greater the pressure supported by the cylinder in the hydrostatic test.
For Walters [23] , do not use (4) to predict the burst pressure because differs from conventional yield stress ( ), obtained in the tensile test.
Therefore, in qualitative terms, it is possible to use the tensile test to select candidate materials for the manufacturing of CNG reservoirs.
Calculation of the Number of Layers of the Reservoir.
The tensile testing of the carbon fiber preimpregnated with epoxy resin samples was carried out to find the maximum tensile strength of a single strand of fiber, allowing the calculation of the number of layers needed for any internal pressure that the reservoir is subjected to during hydrostatic testing.
In a cylindrical shell, there are two major strains:
(i) Longitudinal stress ( ) which tends to break the tops, being supported by the nongeodesic winding.
(ii) Circumferential stress ( ) which tends to break the side wall, being supported by circumferential winding.
For the design of a cylindrical reservoir, circumferential tension is used, because the longitudinal tension corresponds to half of this tension.
The tensile test conducted at IFRS resulted in an average tensile strength of 56.65 kgf/mm 2 ± 15% for one preimpregnated filament of fiber, corresponding to resistance to circumferential tension.
The tensile strength of the nongeodesic winding is calculated by multiplying the value obtained in the tensile test by sin(10 ∘ ), resulting in an average tensile resistance of 9.84 kgf/mm 2 for one filament. The value of the layer corresponds to the sum of the values, that is, 66.46 kgf/mm 2 . The number of layers of a cylindrical reservoir can be calculated by tension caused by the internal pressure, according to (5) presented by Popov [10] :
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Evidencing " " in (5), we obtain
where ∼ 5.9 mm = 6 layers. However, the experimental results suggest that ( * ) must be adapted for coating in a preimpregnated carbon fiber composite as follows:
where is the material factor and = 1 for steel and = 2 for preimpregnated carbon fiber.
Recalculating the number of layers of a cylindrical reservoir in preimpregnated carbon fiber ( = 2) in ( * -1), we obtain the following result:
where ∼ 2.95 mm = 3 layers, which corresponds to the experimental result.
As the main function of the liner is gas impermeability, its small contribution to resistance to circumferential stress ( ) is disregarded.
Therefore, to calculate the number of layers for the standard pressure of 459 bar (4.59 kgf/mm 2 ), using ( * -1), we have the following result:
where is internal pressure required by international standard = 4.59 kgf/mm 2 , is radius of the cylinder = 110 mm, is material factor for preimpregnated carbon fiber composite = 2, is circumferential tension to the layer calculated from the value obtained in the tensile test in the IFRS = 66.46 kgf/mm 2 , and approximately = 3.8 mm corresponding 4 layers.
The value coincides with the calculation by linear regression and the equation proposed for calculating the number of layers for any internal pressure (see ( * -1)), while maintaining the advantage in comparison to the weight of the steel cylinders.
In order to obtain the necessary pressure to halve the volume of the reservoir, at room temperature, (6) is used as follows: The compressibility factor represents the ratio between the volume occupied by given mass of gas under certain conditions of pressure and temperature and the volume that this mass would occupy at the same conditions as if it was an ideal gas [24] .
The compressibility factor varies with the composition, pressure, and temperature of the gas and can be calculated by the equation of state of Dranchuk and Abou-Kassem [25] .
As the gas is the same and its temperature remains constant in the compression process, we have
where 1 (usual storage pressure) = 220 bar = 22 MPa, 1 = volume before compression = 1 m 3 , 1 = 0.73286 = compressibility factor, 2 = ?, 2 = volume after compression = 0.5 m 3 , 2 = 1,41458, and 2 = 648 kgf/cm 2 = 636 bar. According to ISO 11439:2013, the hydrostatic test pressure of one CNG-4 reservoir is 2.25 times the working pressure, resulting in a 1.431-bar test pressure.
Calculating the number of layers of a cylindrical reservoir in preimpregnated carbon fiber, using ( * -1), we obtain the following result:
where (calculated hydrostatic test pressure) = 1.431 bar = 14.60 kgf/mm 2 , (radius of the cylinder) = 110 mm, (material factor for preimpregnated carbon fiber composite) = 2, (circumferential tension to the layer calculated from the value obtained in the tensile test in the IFRS) = 66.46 kgf/mm 2 , and = 12,13 mm = 12 layers. Equation ( * -1) indicates that a fourth layer of carbon fiber will meet the requirements of ISO 11439:2013, resisting the pressure of 495 bar for hydrostatic testing, maintaining the advantage in relation to the weight.
Gas Permeability.
The oxygen permeability test was performed on two groups of samples: rotomolded plates and film, adopted as reference.
The result of the permeability in the tested sheets is as follows:
(i) Polyethylene blend: 13,660 mL (STP/m 2 /day) at 1 atm and 23 ∘ C.
(ii) Blends of polyethylene with 5% weight of Brazilian nanoclay: 32,829 mL (STP/m 2 /day) at 1 atm and 23 ∘ C.
(iii) Blends of polyethylene with 5% weight of American nanoclay: 150,000 mL (STP/m 2 /day) at 1 atm and 23 ∘ C (detection limit of the equipment).
The high permeability shown by rotomolded samples nanoclays is due to the processing in a single screw extruder which did not allow the adequate shear and distribution of the clay particles.
The following samples were analyzed in films:
(i) Sample A: HDPE Blend (95%), LDPE (5%), and sodium nanoclay (no compatibilizer). (ii) Sample B: HDPE Blend (95%), LDPE (5%), and Cloisite 15A nanoclay.
(iii) Sample C: HDPE Blend (95%), LDPE (5%), and Cloisite 30B nanoclay.
The rates of oxygen permeability (TPO 2 ) were determined by coulometric method according to standard D3985-05 (ASTM, 2010), in OXTRAN equipment, model 2/20, from the company Mocon, operating with pure oxygen as permeant gas.
The tests were performed at 23 ∘ C with the conditioning of samples at 23 ∘ C with no humidity for 46 to 48 hours. The effective permeation area of each sample was 100 cm 2 .
The obtained results were corrected to 1 atm of oxygen partial pressure gradient between the two surfaces of the film, since this gradient corresponds to the driving force for permeation of the oxygen through the film.
Although the rate of oxygen permeability is characteristic of the film, the permeability coefficient was used, which characterizes the composite to minimize the effect of variation in thickness of the samples in the comparison.
The material was processed in a twin screw extruder, but the speed of 250 rpm did not allow adequate shear and distribution of the clay particles.
Once TPO 2 was determined, the oxygen permeability coefficient ( ) was calculated from the permeability rate as follows:
where is oxygen permeability coefficient (mL (STP)⋅ m⋅m −2 day −1 atm −1 ); TPO 2 is oxygen permeability rate (mL (STP) m −2 day −1 ); is average thickness of the samples ( m); is partial pressure of oxygen in the permeating gas chamber of the diffusion cell, because the partial pressure of O 2 in the carrier gas chamber is void.
The results of the oxygen permeability coefficient are presented in Table 3 . Table 3 shows that the sample with nanoclay Cloisite 15A has lower oxygen permeability coefficient, confirming the manufacturer's recommendation that indicates Cloisite 15 compatibilized with maleic acid for polyethylene due to the hydrophobicity of the polymer.
Conclusions
It is estimated that a fourth layer of carbon fiber will meet the requirements of ISO 11439:2013, supporting pressure of 495 bar for hydrostatic testing, maintaining the advantage in relation to the weight as calculated by linear regression and ( * -1).
It was found that, in 80% (eighty percent) of the reservoirs, the fracture of the liner, regardless of the number of layers, occurred in the region near the tops, due to lower wall thickness resulting from the manufacturing process by rotational molding, corrections being required in the project, change of materials and better control in the process to increase the strength of the liner.
Despite the difference in format between the reservoir in development and the one presented by Velosa et al. [14] , there are similarities in the location of fractures resulting from hydrostatic test and the ones found in the simulation that indicated fractures near the tops, the region of highest stress.
In the case of reservoir in development, the region close to the tops has the lowest wall thickness, according to the measurements performed in the liner, requiring adjustments to the project to increase the mechanical strength of the liner in the hydrostatic test.
To increase the mechanical strength of liner and reduce the nominal wall thickness from 10 mm to 7 mm, maximum thickness allowed by rotational molding, we sought new materials with rotomolded and injection molded samples.
The injected samples have higher tensile strength than the rotomolded ones, and the addition of nanoclay increases the tensile strength and the nanoclay Cloisite 30B shows better results than the Brazilian one due to the smaller particle size.
The low results obtained in the rotomolded test bodies with nanoclays are due to processing in a single screw extruder which did not allow adequate shear and distribution of the clay particles, unlike the test samples that were injected at better processing conditions. Despite the XLPE obtaining the best result in the injected test samples, it showed the worst result as rotomolded samples, being discarded from the process for being permeable to oxygen and, by extension, to methane.
The qualitative method of selection through tensile test to evaluate the mechanical strength of the samples is justified by the application of the von Mises criterion for the flow of an ideally plastic material in a triaxial stress state, adapted to the uniaxial stress state, according to Walters.
The gas permeability is also an essential requirement for the selection of a material for the production of CNG reservoirs, but as it was not feasible to perform testing with methane, the main component of the CNG, we used oxygen which is compatible with it in terms of molecular diameter and polarity.
The high permeability shown by the rotomolded samples with nanoclays is due to processing in a single screw extruder which did not permit good distribution and adequate shearing of the clay particles, demonstrated by the results of permeability which increased with the addition of clay.
The value of the permeability of the blends of polyethylene with nanoclay Cloisite 30B reached the limit of scale equipment, because the smaller the particle is, the greater the tendency it has to be grouped, facilitating the gas passages.
As for the film, the permeability coefficient was used, which characterizes the composite in order to minimize the effect of thickness variation in the comparison of the samples. The permeability coefficient characterizes the barrier of homogeneous materials, not being entirely accurate in this case.
The material was processed in a twin screw extruder, but the speed of 250 rpm did not allow adequate shear and distribution of the clay particles, preventing the samples from becoming homogeneous.
From the data obtained it appears that the sample with nanoclay Cloisite 15A has lower coefficient of oxygen permeability.
As the pressure of the CNG reservoirs is 220 times greater than the gas permeability test performed, the values tend to increase significantly for methane reservoirs.
It was shown that it is possible to halve the volume of vehicular CNG reservoirs, maintaining autonomy equivalent to liquid fuels, by increasing the storage pressure to 636 bar, resulting in a hydrostatic test pressure of 1,431 bar according to ISO 11439:2013, 18 layers of composite to be supported, as calculated according to Formula ( * -1).
Therefore, the use of the reservoir in development is a viable alternative for vehicles fueled by CNG for it reduces the inert load, linking fuel saving to increased engine life, besides adding ecological and economic benefits to society, as well as optimizing the useful volume of the trunk by providing new formats of fuel reservoir to meet the growing range of models due to the internationalization of the car market.
